Major depressive disorder (MDD) and nicotine dependence are highly comorbid, with studies showing that~50% of individuals with MDD smoke. The link between these disorders persists even after the clinical symptoms of depression subside, as indicated by high levels of nicotine dependence among individuals with remitted depression (rMDD). Recent evidence indicates that individuals with rMDD show blunted responses to reward as measured by a probabilistic reward task (PRT), which assesses the ability to modify behavior as a function of reward history. Given nicotine's ability to enhance reward responsiveness, individuals with rMDD might smoke to address this persistent reward deficit. However, it is unclear whether smokers with rMDD show enhanced reward responsiveness relative to rMDD individuals who do not smoke. To test this hypothesis, we evaluated reward responsiveness on the PRT in four groups (N = 198): individuals with and without rMDD who were or were not nicotine dependent. As hypothesized, rMDD nonsmokers had lower reward responsiveness relative to both control nonsmokers and rMDD smokers; conversely, smokers with rMDD showed behavioral patterns comparable to those without a history of depression. Given nicotine's ability to enhance reward sensitivity, it is possible that nicotine normalizes the otherwise blunted reward responsiveness in individuals with rMDD. Therapies aimed at enhancing this reward-based deficit may be beneficial in the treatment of both nicotine dependence and MDD.
INTRODUCTION
The strong link between depression and cigarette smoking is well established. Individuals with major depressive disorder (MDD) are twice as likely to smoke compared with the general population (Diwan et al, 1998; Glassman et al, 1990) ; they experience greater withdrawal symptoms during abstinence, and are more likely to relapse to smoking following initial abstinence compared with smokers without depression (Glassman et al, 2001; Kinnunen et al, 1996) . In addition, smoking cessation aids have been found to produce antidepressant effects (Salin-Pascual et al, 1995; Dwoskin et al, 2006; Hayford et al, 1999) , suggesting that these disorders share underlying mechanisms. Of note, the link between MDD and nicotine dependence does not end when the clinical symptoms of MDD abate. Specifically, individuals with a lifetime history of depression continue to show heightened levels of nicotine dependence and difficulty in quitting even when depression remits (Trosclair and Dube, 2010; Niaura et al, 1999; Hitsman et al, 2013) , indicating that the underlying pathophysiology common to both disorders persists during euthymic states.
Blunted reward function, or anhedonia, may be one point of overlap between these disorders. Anhedonic behavior is not only a symptom that can remain at subclinical levels during remitted depression (Pechtel et al, 2013) but is also a risk factor for smoking relapse (Leventhal et al, 2009 ) and cigarette craving (Cook et al, 2004) . Whereas anhedonia is associated with a behavioral disruption in reward responsiveness (Pizzagalli et al, 2005) , nicotine has the opposite effect and enhances reward sensitivity (Barr et al, 2008; Kenny and Markou, 2006) . Furthermore, nicotine withdrawal results in diminished activity in brain reward systems (Kenny and Markou, 2006) , and diminished reward responsiveness, which is particularly pronounced in individuals with remitted depression (rMDD; Pergadia et al, 2014 ). An interpretation of this latter finding is that nicotine withdrawal not only decreases reward reactivity but may also unmask depression-related reward dysfunction in individuals with rMDD. In addition, sated nicotine-dependent smokers with MDD show greater reward responsiveness relative to nonsmokers with MDD (Liverant et al, 2014) , suggesting that nicotine may impact the reward sensitivity of individuals with MDD. Collectively, these findings suggest that, through nicotine's action on reward function, smokers with rMDD may experience relatively higher levels of reward responsiveness compared with nonsmokers with rMDD. Although prior work has evaluated the interaction between rMDD and nicotine withdrawal, no research to date has compared reward responsiveness between smokers and nonsmokers with rMDD.
To address this gap, we measured reward responsiveness, a behavioral measure of hedonic function, in four groups of individuals using a 2 × 2 design: those with and without rMDD who were or were not nicotine dependent. Reward responsiveness was measured using a probabilistic reward task (PRT), which assesses the ability to modify behavior as a function of reward history (Pizzagalli et al, 2005) . Given nicotine's ability to enhance reward function, we hypothesized that current nicotine-dependent smokers with a history of depression would show greater reward responsiveness on the PRT relative to individuals with rMDD who do not use nicotine. This finding would support the notion that individuals with rMDD smoke to address a persistent deficiency in reward function, and suggests a mechanism through which depression history and nicotine dependence are linked and interact with each other.
METHODS

Participants
A total of 198 women participated in this study. This population was subdivided into four groups: nicotinedependent smokers without a history of MDD (control smokers, n = 104), current nicotine-dependent smokers with a history of MDD (rMDD smokers, n = 42), nonsmokers without a history of MDD (control nonsmokers, n = 22), and nonsmokers with a history of MDD (rMDD nonsmokers, n = 30). Group-specific demographics are outlined in Table 1 . The data from current smokers were collected as part of a smoking-cessation clinical trial conducted at Massachusetts General Hospital (Evins et al, 2011) , and all data from nonsmokers were collected at Harvard University and were part of a larger cohort discussed in the study by Pechtel et al (2013) . All smokers were treatment-seeking for nicotine dependence and reported smoking a minimum of 10 cigarettes per day for the month before assessment, met DSM-IV criteria for nicotine dependence, and had smoked within the past 4 h relative to the time of testing (average time since last cigarette: 2.89 ± 0.79 h). Smoking status was confirmed by expired carbon monoxide 410 ppm and saliva cotinine concentration 430 ng/ml. All participants in the nonsmoking sample had not had a cigarette for at least 30 days. Seven of the healthy nonsmokers reported having tried a cigarette at least once, as did 16 of the nonsmokers with rMDD. All participants were assessed for the presence of current DSM-IV diagnoses using the Structured Clinical Interview for DSM-IV (SCID) (First et al, 2002) . Participants were excluded for having major depressive disorder within the prior 6 months, alcohol use disorder within the prior 6 months, current illicit psychotropic drug use, or lifetime diagnosis of organic mental or psychotic disorder. All rMDD subjects met criteria for past MDD that was in remission at the time of enrollment. Institutional Review Boards at Massachusetts General Hospital and Harvard University approved the two studies. For age and education, statistics were calculated across all four groups, while the remaining smoking-related variables were compared only between the smokers. Smokers were significantly older than nonsmokers, and had also completed fewer years of education, ***po0.001. Smokers with a past history of depression began smoking at a significantly younger age than those without a history of depression, *p = 0.05. HAM-D and BDI scores represent raw values, while the statistics were conducted on the transformed Z-scores to allow for the comparison across measure type. Despite all scores falling in a normal range, nonsmokers with rMDD had significantly higher depression scale scores compared to control nonsmokers t(50) = 2.54, **p = 0.01.
Assessment of Nicotine Dependence and Depressive Symptoms
Within the smoking sample, nicotine dependence severity was assessed using the Fagerstrom test for nicotine dependence. Nonsmokers were assessed using the tobacco use subscale of the Youth Risk Behavior Scale (Kolbe et al, 1993 ) and a general habit questionnaire, which contains questions about smoking habits. Depression severity was measured with the 17-item Hamilton Rating Scale for Depression (HAM-D; Hamilton, 1960) in the smoking cohort and the 21-item Beck Depression Inventory-II (BDI-II; Beck et al, 1996) in the nonsmoking cohort. To adjust for the fact that different depression measures were used in the two samples, the scores from these assessments were converted into Z-scores based on population norms for statistical analyses.
PRT
To probe reward responsiveness, all subjects completed a 25-min computer-based PRT (Pizzagalli et al, 2005) . The PRT is a task rooted within signal detection theory that allows for an objective assessment of the propensity to modulate behavior as a function of prior reinforcements. The PRT consists of simple cartoon faces that are presented in the center of the monitor, each with two eyes and a straight horizontal line for a mouth. At the beginning of each trial, a fixation cross appears for 500 ms, followed by the face with no mouth. After a delay of 500 ms, either a 'short mouth' (11.5 mm) or a 'long mouth' (13 mm) is presented for 100 ms. Subjects are instructed to press a key to indicate whether the short or long mouth was presented. The PRT consists of three blocks of 100 trials, and a total of 40 correct trials in each block are followed by reward feedback with either a monetary ('Correct!! You won 5 cents') or social focus ('Correct! Well done!'). Long mouths and short mouths are presented at equal frequencies; however, one of the mouth lengths (the 'rich stimulus') is rewarded three times more frequently than the other mouth length (the 'lean stimulus'), although subjects are not informed about this contingency. Subjects were told that the aim of the task was to win as much money or get as much positive feedback as possible. At the conclusion of the task, those receiving monetary feedback were given the amount of money that they earned.
PRT Calculations and Quality Assessment
In line with prior studies using the PRT (eg, Pizzagalli et al, 2005 Pizzagalli et al, , 2008 , data were subjected to quality control analyses that involved excluding trials with reaction times of o150 ms or 41500 ms, as well as data from subjects who had accuracy scores below 55% (which would be indicative of chance level performance). Following exclusion of these outliers, signal detection analysis (Macmillan and Creelman, 1991) was used to calculate indices of response bias (the tendency to bias responding to the rich stimulus) and discriminability (the ability to accurately distinguish between the two mouth sizes) for each of the three blocks individually, as well as across the blocks. Accuracy was also calculated as the percentage of correct responses. Response bias and discriminability were calculated according to the following formula (note that in accordance to Hautus (1995) , 0.5 was added to every cell of the detection matrix to allow for log transformation of cells with a value of zero): 
Analyses
Univariate analyses of variance (ANOVA) were used to evaluate differences in demographics between the four groups (control smokers, rMDD smokers, control nonsmokers, and rMDD nonsmokers). To examine interactions between smoking status and depression history on PRT performance, mixed model repeated measures analysis of covariance (ANCOVA) with the within-subjects factor of block (block1, block2, and block3) and the between-subjects factors of depression history (control vs rMDD) and smoking status (smoker vs nonsmoker) was conducted with response bias and discriminability as dependent variables, and group differences on demographic variables as covariates. For the accuracy and reaction time variables of the PRT, an additional withinsubjects factor of stimulus (rich vs lean) was included. To ensure that feedback type (monetary or social) had no impact on the data, this variable was included as a covariate. Significant ANOVA effects were followed up with tests of simple effects.
RESULTS
Demographics
There were significant differences in age and years of education both between and within the smoking and nonsmoking groups (see Table 1 ). Smokers were significantly older than nonsmokers (46.0 vs 29.4 years, po0.001), and had also completed fewer years of education (14.1 vs 16.2 years, po0.001). Within the cohort of current smokers there was no significant difference between the control and the rMDD groups in the amount of time between their last cigarette and onset of the PRT task. Within the nonsmoking group, rMDD nonsmokers had completed fewer years of education compared with control nonsmokers (15.4 vs 17.0 years, p = 0.005). Rates of anhedonic symptoms as reported on the SCID were also comparable between groups (see Supplementary Information). In light of these group differences, age and years of education were used as covariates in subsequent analyses. Within the smoking group, rMDD smokers started smoking regularly at younger age compared with control smokers (15.7 vs 17.0-years old, t(141) = 1.97, p = 0.050). To evaluate a possible association between age of smoking onset and reward responsiveness, a correlation analysis was conducted between these two measures within the smoking group.
Relationship Between Reward Responsiveness and Depression History
Response bias. The smoking status × depression history × block analysis revealed a significant smoking status × depression history interaction for response bias (F(1, 192) = 4.69, p = 0.03, η p 2 = 0.024) (Figure 1 ). Follow-up tests revealed that rMDD nonsmokers had lower response bias compared with control nonsmokers (p = 0.045); however, rMDD smokers and control smokers did not differ (p = 0.35). Moreover, relative to rMDD smokers, rMDD nonsmokers had a lower response bias (p = 0.002), whereas response bias did not differ between control nonsmokers and control smokers (p = 0.67). There was no main effect or interactions involving block (all ps40.05). No relationship was found between age of smoking onset and reward responsiveness (p40.05).
Discriminability. A main effect of depression history emerged from the ANOVA (F(1, 192) = 4.09, p = 0.04, η p 2 = 0.02). Across both smokers and nonsmokers, control subjects had higher discriminability compared with rMDD subjects. However, there was no smoking status × depression history interaction, indicating that the interaction effects observed for response bias were not simply driven by differences in the ability to differentiate between the two mouth sizes.
Accuracy. No block × stimulus × smoking status interaction emerged as significant.
Reaction time.
No block × stimulus × smoking status interaction emerged as significant.
Control Analyses: Response Bias and Residual Depressive Symptoms
Although total average scores from the HAM-D did not differ between control and rMDD subjects in the smoking group, rMDD nonsmokers had significantly higher BDI-II scores compared with control nonsmokers (t(50) = 2.54, p = 0.01). Therefore, Z-scores for both measures were computed on the basis of population means and then entered into the above analyses as an additional covariate to control for potential effects of residual depressive symptoms on response bias. When residual depressive symptom severity was entered into the previous analyses as a covariate, the smoking status × depression history interaction (p = 0.047) remained significant. This indicates that the interactive effect of smoking status and depression history on response bias was not influenced by higher residual depressive symptoms in rMDD individuals. Even after controlling for the smoking status × depressive symptom score, the interaction remained significant (F(1, 185) = 3.99, p = 0.047, η p 2 = 0.02).
DISCUSSION
Evidence indicates that depression and nicotine dependence may share a common pathophysiology. Previously, we found that, among smokers, those in nicotine withdrawal with rMDD had relatively greater reward dysfunction (Pergadia et al, 2014) . The fact that this prior study evaluated reward function following 24 h of abstinence made it difficult to determine whether rMDD-related reward dysfunction was due to pharmacological withdrawal or was an unmasking of preexisting reward dysfunction. The present results support the latter interpretation, as nonsmokers with rMDD had significantly blunted reward reactivity relative to rMDD smokers. In fact, smokers with rMDD had response bias levels comparable to those of never-depressed individuals, suggesting that smoking might normalize the blunted reward responsiveness commonly observed in those with a history of depression. In addition, no difference in response bias was found between the control groups regardless of smoking status, suggesting that chronic nicotine use does not raise response bias above those of nonsmoking controls. It is possible that nicotine normalizes reward responsiveness in rMDD individuals through its effect on dopamine (DA). Specifically, nicotine increases the phasic firing of DA (Rice and Cragg, 2004; Zhang and Sulzer, 2004) , which corresponds with a rapid burst of action potentials leading to a significant rise in DA at terminal projection sites (Grace and Bunney, 1984) . Phasic DA firing is critical for rewardlearning and motivated behavior (Schultz et al, 1997; Schultz, 2001) , and disruptions in the DA reward circuit are associated with depressive symptoms, particularly anhedonia (Nestler and Carlezon, 2006; Pizzagalli, 2014) . Critically, we previously showed that a pharmacological challenge hypothesized to blunt phasic DA lowered reward responsiveness on the PRT , suggesting a link between lowered phasic DA and disrupted reward reactivity during this task. In contrast, nicotine has reward-enhancing properties and increases the sensitivity to non-drug-related rewarding stimuli (Barr et al, 2008; Harrison et al, 2002; Kenny and Markou, 2006) . Taken together, it is plausible that individuals with prior depression continue to have blunted phasic DA activity in response to rewarding stimuli during remission, leading to a disruption in reward reactivity. Should an individual with rMDD use nicotine, this deficit in phasic DA may be ameliorated, resulting in a relative normalization of reward responsivity during satiated states as shown in the present findings.
In addition to the interaction of nicotine dependence and depression history on response bias, we also found that rMDD smokers began smoking at a significantly earlier age compared with those without a history of depression (15.7 vs 17.0 years old). Analogously, rats that began selfadministering nicotine during adolescence went on to selfadminister more nicotine during adulthood (Levin et al, 2003) , suggesting that nicotine use during this critical neurodevelopmental period may have long-term effects. It is difficult to disentangle reciprocal causal effects of these disorders, as a history of daily smoking increases the risk for developing MDD, whereas a history of MDD also increases the risk of progression to daily smoking (Breslau et al, 1998) . It is possible that one disorder may not necessarily cause the other, but that nicotine dependence and MDD share a common mechanism that enhances the vulnerability for both (Markou et al, 1998) . Given the earlier age of smoking onset for those with rMDD, it is possible that disruptions in this shared mechanism are evident even during adolescence.
Disrupted reward function appears to be one mechanism through which rMDD and nicotine dependence are linked. Blunted reward sensitivity, or anhedonia, is a risk factor for developing clinical depression (Loas, 1996 , Meehl, 1975 , but the present findings (along with preclinical research; Andreasen et al, 2011) suggest that nicotine may reverse anhedonic behavior. Whereas smokers with rMDD show a more profound reduction in reward responsiveness during abstinence (Pergadia et al, 2014) , smokers with either current (Liverant et al, 2014) or remitted (current study) depression show a relative enhancement in their reward bias compared with nonsmoking counterparts. Collectively, these findings reveal a pattern of reduced reward sensitivity in those with current as well as past depression that is reversed by nicotine use in smokers. Thus, therapies that enhance reward function may be effective for both disorders and potentially necessary during smoking cessation attempts to prevent not only relapse to smoking but also reemergence of depressive symptoms.
When considering the present finding, the following limitations should be considered. First, this study was crosssectional and thus firm causal inferences are not possible. Longitudinal studies evaluating reward responsiveness after sustained abstinence may further elucidate our findings. Given the persistence of reward dysfunction during remitted depression (Dichter et al, 2012; Pechtel et al, 2013) and the severity of nicotine withdrawal-induced reward dysfunction in rMDD (Pergadia et al, 2014) , it is unlikely that the difference in response bias between rMDD smokers and rMDD nonsmokers was due to factors other than current nicotine use. Future work should include a more extensive examination of smoking history in the nonsmoker group to rule out any possible effect of past nicotine use on reward processing. Second, our sample included only female smokers; thus, further studies should examine whether findings will be replicated in male smokers. However, the focus on women is clinically relevant, as women show greater rates of depression (Kessler, 2003 ,Weissman et al, 1996 Nolen-Hoeksema, 1987) and lower rates of smoking cessation (Bjornson et al, 1995; Perkins, 2001; Perkins and Scott, 2008; Scharf and Shiffman, 2004) . Third, the current analyses were conducted retrospectively using two data sets, leading to methodological differences between groups. However, such methodological differences as well as demographic differences such as age were controlled for in the analysis, indicating that these variations do not explain group differences. Finally, future studies evaluating reward function using larger cohorts and measures other than the PRT may expand our understanding of the impact of smoking on reward processing in those with a history of depression. Despite these limitations, the current work strengthens our knowledge of the link between MDD and nicotine dependence. Furthermore, it raises the possibility that nicotinic agents or agents that act up-or downstream of nicotinic receptors might improve the persistent reward system dysfunction observed in individuals with a lifetime history of MDD, and may therefore reduce the likelihood of relapse into smoking among rMDD patients.
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